Ad correlations from the 4 He(stopped-K ,d) reaction 
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We have observed an intense high-energy component in an inclusive 4 He(stopped K~ , d) spectrum. 
For back-to-back Ad pairs a prominent event cluster has been found just below the m,4 Hc + m Jf - — m n 
mass threshold in the Ad invariant mass spectrum of Adn events, which is evidence for a three- 
nucleon absorption process of K~ in 4 He. In addition, an appreciable strength is revealed below 
~3220 MeV/c 2 . Well separated E°dn events show a peak similar to the case of Adn. 
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Motivated by the prediction of strongly bound K- 
nuclear states in several light nuclei [lj , an experimental 
search for K~ppn/ K~pnn states via 4 He(stopped K~, 
N) reaction was performed at the KEK 12 GeV Pro- 
ton Synchrotron (KEK-PS E471) 0. As a result, the 
E471 collaboration reported on the observation and in- 
dication of strange tribaryonic states, S°(3115) from a 
proton spectrum [3J] and S + (3140) from a neutron spec- 
trum [4(. Later, the FINUDA collaboration reported 
on evidence for a strongly-bound K~pp state [5j from 
a Ap invariant mass spectrum using stopped K~ reac- 
tions on several light nuclear targets [6(. These di- and 
tri-baryonic states triggered controversial discussion of 
their existence and nature 0] • The states reported in the 
stopped K~ experiments were discussed in relation to 
their non-mesonic decay modes, and thus, discrimination 
against non-mesonic multibody absorption processes are 
vitally important, especially if the states are relatively 
broad. These multibody absorption processes of K~ are 
of the form, 
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such multinucleon absorption processes, since the leading 
participant can be clearly identified as a well resolved hy- 
peron and large energies and momenta are imparted to 
other participants. However, the presently available in- 
formation from bubble chamber experiments is mainl y on 
the total multinucleonic capture rate of stopped K~ [lfj. 
Thus, it is important to obtain more information on these 
reaction branches from (stopped K~ , N / d) reactions not 
only for the experimental search of strange mutibaryonic 
systems, but also for the unified understanding of the 
low-energy X-nucleus interaction, for which the multi- 
nucleon absorption processes are the primary source of 
the imaginary potential in the deeply bound region where 
KN — > Y7T channels are suppressed. 

In order to confirm the existence of S°/S + tribaryons 
and to search for other possible multibaryonic states, we 
measured 4 He(stopped K~, N/d) spectra in the KEK-PS 
E549 experiment. In the deuteron channel, the charge- 
neutral strange dibaryon with isospin T = 1/2, which 
could be an isobaric analogue state of bound nuclear 
K~pp system [5, 6], may appear via the reaction 



(iY- 4 Hc) 

atomic 
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where "NN" , "NNN" and "NNNN" denote bound nu- 
cleons participating in the K~ absorption, (NN) and 
(N) stand for spectators (NN includes d). According 
to the number of participating nucleons, we call them as 
2-, 3-, and 4-Nucleon Absorption (2, 3, and 4NA) pro- 
cesses. In contrast to the case of pion absorption the 
K~ absorption provides a unique playground in studying 



where we generally denote multibaryonic states with 
strangeness -1, baryon number A and charge Z as A S Z . 
Furthermore, the tribaryon production and decay pro- 
cesses, 



(K 4 He) a tomic 
°T=0 



3c + 



J T=0 



+ n, 



A + d, 



(5) 
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can be investigated by invariant mass spectroscopy of A 
and d. In this Letter, we report on results of the deuteron 
inclusive and A-d coincidence measurements. 

The experiment E549 was performed at the K5 beam- 
line at the KEK 12 GeV PS as one of its last experi- 
mental programs, with an upgraded experimental appa- 
ratus, better resolution and one order of magnitude larger 
statistics compared to those of the E471. Detailed de- 
scriptions of the setup and anal y sis p rocedures for specific 
channels are given in Refs. [ll|, |l2|. In the experiment, 
all particle species were measured by the Time-of-Flight 
method (TOF). Two high-performance TOF walls, which 
were symmetrically placed at the left and right side of the 
target with their front faces positioned at 1.8 m from the 
center, enabled us to measure p, n, ir^ and d with compa- 
rable resolutions of A(l//3) = 0.02 ~ 0.03 in "inclusive" 
condition, and they further allowed the coincidence mea- 
surement of "back-to-back" dp pairs emitted horizontally. 
Two additional detector arms, which were dedicated to 
measure particles emitted vertically, were installed on the 
top and bottom of the target, and charged or neutral 
particles were detected in coincidence with the particles 
on the TOF walls. This condition is called "vertical-X- 
coincidence" condition, where X could be ^jP, n and 
7. Only incident K~ and an outgoing charged particle 
were required at the hardware trigger level to measure 
inclusive proton and deuteron spectra, and particle co- 
incidences were obtained by analysis from the accumu- 
lated data. All charged particles were tracked back with 
drift chambers to the reaction vertex, corrected for en- 
ergy loss, and A and T,^ hyperons were reconstructed 
by means of Ntt invariant mass spectroscopy. For the 
present analysis, ~ 2.5 x 10 8 stopped K~ on the 4 He tar- 
get were effectively used, and 1.12 x 10 5 deuterons have 
been identified. 

The inclusive deuteron momentum spectrum presented 
as percent fraction of the stopped kaons and per 10 
MeV/c momentum is shown in Fig. [1] The normaliza- 
tion can be performed with the measured free decay ratio 
of stopped K~ on 4 He. As a result, a high momentum 
deuteron component, which originates from non-mesonic 
reactions, is observed as a ~1% fraction of stopped K~ . 
An experimentally identified non-mesonic reaction chan- 
nel producing deuterons is a Art branch of the 2NA pro- 
cess, K~ "pri" (d) — ► An(d), where d is produced as a spec- 
tator. In this case, which is known to have the reaction 
rate of 3.5±0.2% [13[, the deuteron has a momentum up 
to ^250 MeV/c. Thus, the high-momentum component 
over 500 MeV/c with such a large fraction as presented 
here is quite unexpected, and it clearly shows evidence 
for the presence of unknown non-mesonic reactions in 
which the deuteron appearing in the final state is not a 
spectator. Since the high-momentum deuterons could be 
candidates either for the formation or decay signals of 
2 S° or 3 S + strange multibaryons, or 3 or 4NA processes, 
it is extremely interesting to study further their origin by 
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FIG. 1: A deuteron inclusive momentum spectrum (with sta- 
tistical errors). Deuterons above 450 MeV/c momentum were 
detected. 



correlation studies between d and other particles, such as 
A and S, detected in coincidence. In the following, we 
present the result of the Ad correlation analysis. 

We identified 543 Ac? pairs from back-to-back dp and 
vertical-7r ± -coincidence events. As shown in Fig. [2] (a), 
the peak position of the pit invariant mass (M p7r ) agrees 
with the known A mass, and the width of the A peak 
is as narrow as 10 MeV/c 2 FWHM, which is fully con- 
sistent with the observed 1/(3 resolution on each detec- 
tor arm. By the measurement, the angular region of 
— 1 < cos 9 Ad < —0.6 was covered, where 9 Ad is the 
opening angle between A and d 3-momenta in the lab- 
oratory frame, and thus observed Ad pairs are back-to- 
back correlated. Because of the limited acceptance of 
their momenta, only energetic d and A were detected. 
Therefore, they are considered to be mainly produced in 
non-mesonic final states, 



(i^ 4 He) E 



A + d + n, 
S°(A 7 ) + rf- 



(G) 
(7) 



The Adn and YPdn final states are separated from possi- 
ble contaminants, such as A/YPirdN , by reconstructing 
the missing mass 



M N * = \/(p m tt -PA-Pd) 2 



(8) 



where Pmit, PA, and pd are 4-momenta of the initial state 
A'~+ 4 He at rest, and the measured ones of A and d, re- 
spectively. The distribution of the thus determined miss- 
ing mass Mjv* is shown in Fig. [2] (b). The narrow peak 
structure at ~ 940 MeV/c 2 is due to a Adn final state, 
whereas a E°(A7)dn final state causes the broad distri- 
bution peaked at ~ 1020 MeV/c 2 . As expected, no event 
exists above + wl080 MeV/c 2 , where AirdN and 
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FIG. 2: (a) The M p7T distribution for the events in which back-to-back p and d, and additional tt emitted vertically are 
observed in coincidence. The shaded area is defined as A. (b) The Mjv* spectrum, in which the Adn and E°(A7)dn final states 
are clearly separated. 
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FIG. 3: A correlation diagram between the MAd and Phd, 
with kinematical constraints for Mjv» =920, 940, and 960 
MeV/c 2 overlaid. On the projections, contributions of the 
Adn and Ypdn events are represented by black and gray lines, 
respectively. The phase space distribution is represented by 
a thin gray curve on the M\d spectrum. 

X°7tgL/V final states should appear. Therefore, we selected 
the Adn final state by the condition 920 < Mjv* < 960 
(MeV/c 2 ). 

The correlation between the Ad invariant mass (MAd.) 
and the total 3-momentum (Pa<j) from all Ad events is 
shown in Fig. [3l where its projections onto the horizon- 
tal and vertical axes classified by the Adn and E°dn final 
states are shown together. A simulated shape, evaluated 
by uniformly generated Adn events in the three-body 



phase space, taking the realistic experimental setup into 
account, is overlaid on the M\d spectrum, normalized to 
the observed number of Adn events. The Maj, spectrum 
of Adn events, which clearly deviates from the simulated 
one, consists of two components. One is an asymmet- 
ric peak located just below the m4 He + m^- — m n mass 
threshold at 3282 MeV/c 2 , and the other is a broad com- 
ponent from 3100 to - 3220 MeV/c 2 . The M Ad reso- 
lution near the threshold, estimated from the observed 
A/jv* distribution, is ~ 8MeV/c 2 rms, which is signifi- 
cantly smaller than the observed width of the peak struc- 
ture. Identifying P\d as the momentum of missing neu- 
tron, the high-mass peak is correlated with neutrons in 
the momentum range < 250 MeV/c. Thus, we can inter- 
pret this peak as the Ad branch of the 3NA process, 

#-"ppn"(n) -> Ad(n), (9) 

where the missing n is a spectator of the reaction, in- 
heriting its original Fermi momentum distribution from 
4 He. The deuteron in the final state could be either from 
an original d cluster in 4 He participating in the reaction 
("ppn" is actually "pd" , then), or a product of coales- 
cence after the absorption. The nature of the broad lower 
mass component accompanying neutrons with momenta 
higher than ^250 MeV/c is very interesting but still un- 
clear at this moment, and several explanations may be 
possible. 

The correlation between the momenta of the A and 
d of the Adn events is shown in Fig. |4j Well-correlated 
high-momentum Ad pairs constitute the 3NA component 
at the region of cos 9 Ad < —0.9, in which the momenta 
of d and A widely distribute along kinematically allowed 
curves for given MAd values, reflecting the original Fermi 
motion. On the other hand, the lower invariant mass 
component is composed of relatively slow-A and fast-d 
pairs, significantly different from the 3NA component. 
A presumable interpretation of the observed lower mass 
distribution with conventional processes might be a se- 
quence of a En branch of 2NA process and successive EA 
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FIG. 4: A correlation diagram between d and A momenta 
of Adn events. Kinematical constraints for M^d = const. 
and cos 8 Ad = const, are shown on the correlation as gray 
curved line segments and black curves, respectively. The pro- 
jections are also exhibited, where the shaded area expresses 
the component with Ma<i < 3220 MeV/c 2 . The momentum 
acceptance, calculated for inclusive d and A events, are shown 
by broken curves. 



conversion, 

K~ ll NN" (NN) -> Era(AW), E(NN) -> Ad. (10) 

There are other possible candidates for conventional ex- 
planations with two-step reaction mechanisms. One pos- 
sible exotic interpretation of the lower mass component 
is to assume the 3 S^ =0 production and its decay to Ad. 
Another possibility is the 2 SS^ =1 / 2 production and its de- 
cay to An. For both, the widths are expected to be rather 
broad, and hence their binding energies and widths are 
difficult to determine using the present kinematically re- 
stricted data. Such interpretations will be examined in 
detail with full Monte-Carlo simulations in forthcoming 
publications. 

The observed distribution of the E°dn events is 
well interpreted as a E°d branch of the three-nucleon 
absorption and successive electromagnetic decay of the 
S° 



K-"ppn"(n) -> E°d(n), E° -> A( 7 ), 



(11) 



where a spectator n and a 7 from the decay of the E° 
are missing. In this case, the observed Maj spectrum for 
E°dn events is translated into a M^Pd spectrum by shift- 
ing M\d by about 74 MeV/c 2 upward. Thus, we find 
that the obtained M s o^ shape is similar to the asym- 
metric peak structure of the M\d spectrum of the Adn 



events. This fact implies that there exist nearly the same 
peak structures just below the threshold on both T = 
and T = 1 Y°d channels. The interpretation of these 
two asymmetric peaks in Afu in terms of bound-state 
formation, as proposed in 14| for a similar peak in M^d 
from 6 Li, would mean that there are two distinct species 
of 3 Sj =0 j with quite similar masses and widths. This 
is unlikely, while the 3NA interpretation gives a consis- 
tent understanding of both spectra. Unfortunately, our 
Ad measurement has no acceptance to a low-mass com- 
ponent of M^a d . 

In summary, we have investigated high-momentum 
deuterons participating in non-mesonic reactions, and 
observed at least 2 components in the Adn final state. 
One consists of well-correlated fast Ad pairs, which is ev- 
idence for a Ad branch of the 3NA process in 4 He. The 
other is made of pairs of slow A and fast d, which could 
be interpreted either as coming from exotic signals of 
2 S°/ 3 S + or as two-step reaction schemes of conventional 
processes. The observed M s o d spectrum of the E°dn 
events is well understood as a E°d branch of the 3NA 
process. 
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